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Summary
How specific sensory stimuli evoke specific behaviors
is a fundamental problem in neurobiology. In Dro-
sophila, most odorants elicit attraction or avoidance
depending on their concentration, as well as their
identity [1]. Such odorants, moreover, typically acti-
vate combinations of glomeruli in the antennal lobe
of the brain [2–4], complicating the dissection of the
circuits translating odor recognition into behavior.
Carbon dioxide (CO2), in contrast, elicits avoidance
over a wide range of concentrations [5, 6] and acti-
vates only a single glomerulus, V [5]. The V glomerulus
receives projections from olfactory receptor neurons
(ORNs) that coexpress two GPCRs, Gr21a and Gr63a,
that together comprise a CO2 receptor [7–9]. These
CO2-sensitive ORNs, located in the ab1 sensilla of
the antenna, are called ab1c neurons [10]. Genetic si-
lencing of ab1c neurons indicates that they are neces-
sary for CO2-avoidance behavior [5]. Whether activa-
tion of these neurons alone is sufficient to elicit this
behavior, or whether CO2 avoidance requires addi-
tional inputs (e.g., from the respiratory system), re-
mains unclear. Here, we show that artificial stimulation
of ab1c neurons with light (normally attractive to flies)
elicits the avoidance behavior typical of CO2. Thus,
avoidance behavior appears hardwired into the olfac-
tory circuitry that detects CO2 in Drosophila.
Results and Discussion
We expressed the photo-activated cation-selective
channel channelrhodopsin-2 (ChR2) [11, 12] in ab1c neu-
rons by using a Gr21a-Gal4 driver [9] and raised the flies
either in food supplemented with all-trans retinal or, as
a control, without the supplement (see Experimental
Procedures in the Supplemental Data available online).
To determine whether light activation of ChR2 can mimic
*Correspondence: wuwei@caltech.eduthe effect of CO2 on ab1c activity, we recorded action
potentials in single ab1 sensilla [13]. Indeed, 470 nm
blue light elicited spike trains from ab1c neurons but not
from other ORNs in this sensillum [10] (Figures 1D, 1D0,
red dots, and 1E). Two types of retinal-dependent (Fig-
ures 1B, 1D, and 1E) spiking responses to light were
seen in CO2-responsive sensilla: a ‘‘nonadapting’’ re-
sponse that persisted for the duration of the stimulus
(Figures 1D, 2B, 2D, and 2F;w54% of sensilla) and a tran-
sient response that terminated withinw200 ms after the
stimulus onset (Figure 2B, red dots; Figures 2E and 2F;
24% of sensilla). The persistent response was similar to
that evoked by w2% CO2 (Figures 1C, 2A, and 2C).
Twenty-two percent of the ab1 sensilla showed no re-
sponse to blue light (Figure 2F). This may reflect variabil-
ity in ChR2 expression, retinal bioavailability, or the fact
that the ChR2 response is not amplified by a second-
messenger system [11], in contrast to the response me-
diated by olfactory receptors [14].
To determine whether light activation of CO2-sensi-
tive ORNs is also sufficient to elicit avoidance behavior,
we constructed a T maze in which one arm was outfitted
with water-cooled 470 nm light-emitting diodes (LEDs;
Figures 3A–3D). Flies were given 30–60 s to choose,
and then they were counted. Flies expressing Gr21a-
Gal4 and two copies of UAS-ChR2 [15], and raised on
retinal-containing food, avoided the test arm when the
LEDs were illuminated (Figure 3E, ‘‘Gr21a-Gal4;UAS-
ChR2’’ hn: + versus 2). Avoidance was observed not
in flies expressing the driver, the responder alone (Fig-
ure 3E, ‘‘Gr21a-Gal4; +’’ and ‘‘+; UAS-ChR2,’’ respec-
tively), or in flies raised without retinal (Figure 3F). The
mean performance index (PI) obtained with light was
somewhat lower than that observed with 1% CO2 (Fig-
ure 3E, ‘‘CO2: +’’) and exhibited more variability, consis-
tent with the electrophysiological data. The extent of
avoidance was dependent on diode strength (Figure S1).
Avoidance could also be obtained in flies containing
a single copy of the UAS-ChR2 responder gene (Fig-
ure S1), although a direct comparison of performance
index as a function of UAS-ChR2 copy number was
not performed.
This avoidance of blue light is in stark contrast to the
normally strong attraction to blue light of wild-type flies.
To test whether the avoidance of blue light by Gr21a-
Gal4;UAS-ChR2 flies was due exclusively to light acti-
vation of ab1c ORNs, rather than the visual pathway, the
Gr21a-Gal4 and UAS-ChR2 transgenes were crossed
into genetically blind flies homozygous for a mutation in
the norpA (no receptor potential A) gene [16]. Avoidance
of blue light in the T maze by such flies was observed
as well (Figure 3G). norpA2 flies expressing UAS-ChR2
under the control of the Or83b-Gal4 driver [17], which
is expressed in multiple classes of ORNs (but not those
responding to CO2 [5]), did not avoid the blue light, con-
sistent with the behavior being specific to activation of
ab1c neurons (Figure 3G, black columns). The lack of
any net response in these Or83b-Gal4; UAS-ChR2 flies
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906Figure 1. Electrophysiological Recordings
from Single ab1 Sensilla of Flies Expressing
ChR2 in CO2-Sensitive Neurons
Flies were raised on food (see Supplemental
Experimental Procedures for recipe) supple-
mented with (A, C, and D), or without (B) all-
trans-retinal. (A) shows a representative trace
illustrating spontaneous activity in the dark.
The spikes of various sizes derive from four
classes of ORNs in the ab1 sensillum: a, b,
c, and d [10]. Representative spikes from
ab1c neurons are indicated with red dots in
(A)–(D0). The level of spontaneous spiking for
ab1c neurons was 17 6 3 spikes/s (see [E]).
(B) shows that 470 nm light does not evoke
responses in flies lacking all-trans-retinal.
(C) shows response evoked by CO2 (w2%).
(D) shows that 470 nm light evokes spikes
typical of ab1c neurons in the same fly as in
(C). (D0) shows the expanded view of the
boxed region in (D). (E) shows a summary of
spiking responses in ab1c neurons. Sponta-
neous activity was subtracted from the activ-
ity in the three conditions presented. Three
asterisks indicate a significant difference
from light-retinal (p < 0.01) but not a signifi-
cant difference from CO2.may reflect integration of opponent attraction and
avoidance responses, promoted by simultaneous acti-
vation of multiple classes of ORNs. Alternatively, these
neurons may be less susceptible than ab1c neurons to
activation by ChR2.
The demonstration that the activation of ab1c neurons
by light is sufficient to elicit avoidance in a T maze, taken
together with the requirement of these neurons for CO2
avoidance [5], indicates that this behavior is exclusively
mediated by ab1c ORNs and does not involve combina-
torial or temporal coding of odor identity. It also indi-
cates that CO2 avoidance does not require other sen-
sory input, e.g., from the respiratory system. The fact
that activation of a single population of ORNs suffices
to trigger avoidance further suggests that this behavior
is hardwired into the olfactory circuitry that detects
CO2 in Drosophila. By contrast, the concentration-de-
pendent, combinatorial coding for most other odorants
[3, 4, 18] allows for more flexible behavioral responses.
These two classes of olfactory stimulus-response
mechanisms may be thought of as analogous to innate
versus adaptive immune responses [19]. Mosquitoes
contain similar CO2 receptor genes as Drosophila [7]
but are attracted to this odorant; whether the CO2 re-
sponse in mosquitoes is also innate, but of opposite
valence, or rather is adaptive and flexible remains to
be determined.
Our results extend to adult Drosophila the use of
ChR2 to elicit behavior in intact animals, as previouslydemonstrated in C. elegans [20] and Drosophila larvae
[15]. In practice, the efficacy of this system is likely to
be dependent on factors such as Gal4 driver strength,
position of the neurons in the brain, and their membrane
surface area and biophysical properties. The use of
ChR2 to activate neurons in adult Drosophila provides
a valuable complement to other genetically based neu-
ronal photo-activation techniques [21].
Supplemental Data
Experimental Procedures and one figure are available online at http://
www.current-biology.com/cgi/content/full/17/10/905/DC1/.
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907Figure 2. Types of Electrophysiological Re-
sponses Observed in ab1c Neurons Express-
ing ChR2
(A and B) Raster plots summarizing the spik-
ing frequency of ten individual ab1c neurons
(upper traces) exposed either to CO2 (A) or
to 470 nm light (B). Red dots in (B) indicate
traces exhibiting fast-adapting responses
(see also [E]). The lower traces show that
the spiking of ab1a and ab1b neurons is en-
hanced neither by CO2 nor by blue light.
Rather, they show some suppression of
baseline spiking.
(C–E) Peristimulus time histograms of spiking
responses recorded before, during, and after
stimulus onset, for CO2 (C) and blue-light
(D and E) stimuli. The graphs were derived
from the data in the raster plots and calcu-
lated as spikes per s in a moving window of
10 ms. The fast-adapting responses ([B], red
dots) are plotted separately (E) against the
same background trace as used in (D), for
comparison purposes.
(F) Quantification of types of spiking re-
sponses measured in ab1c neurons in re-
sponse to CO2 or light (hn). Recordings of
CO2 and light responses were made from
15 sensilla in four different flies raised in reti-
nal-containing food, and nine sensilla in three
control flies reared without retinal. In flies
reared in food lacking retinal, in the few cases
in which ab1c neurons exhibited responses
to blue light (less than 10% of the sensilla
tested), all of the responses were of the
fast-adapting type (gray bars).References
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(A–D) Apparatus used in T maze experiments.
(A) shows the T maze with attached test tubes
(t) and disconnected plexiglass-sleeve as-
sembly (p) containing four aluminum plates
(a) with attached diodes (d); (c) indicates
water cooling tubing. An identical diode as-
sembly is in place over the left test tube. (B)
shows the T maze as in (A), with diodes illumi-
nated (filled arrows). Lowercase labels within
the panel are used as follows: i, water-
cooling inflow; o, water-cooling outflow; c,
water-cooling circulation between diodes;
and e, entry-point for flies in T-maze. Dimen-
sions of the T-maze are indicated in (C); diode
assembly is in place on the right-hand tube
and illuminated; the elevator is pushed down
in the direction of the dashed arrow to deliver
flies to the choice point (indicated by a long
arrow). Dimensions of the plate-attached di-
ode (d) are indicated in (D). The plate is nor-
mally held at the level of the choice point,
behind the T maze, but is positioned above
and in front for illustrative purposes.
(E–G) Behavioral responses of flies express-
ing ChR2 in ab1c neurons. Error bars indicate
the performance index (PI) of avoidance, cal-
culated as the percentage of flies in the con-
trol arm subtracted by the percentage of flies
in the test arm. ‘‘hn:+’’ represents choice tests
with blue LEDs activated in one arm of the
maze. The intensity of blue light at the choice
point of the maze wasw0.06 mW/mm2. ‘‘CO2’’
representsw1% CO2 in the test arm, without
light (hn:2). (E) shows that flies expressing
ChR2 in Gr21a+ neurons (Gr21a-Gal4;UAS-
ChR2) avoid blue light (PI = 51.0), whereas
control flies expressing either Gr21a-Gal4
alone or UAS-ChR2 alone (Gr21a-Gal4;+
or +;UAS-ChR2) do not. (F) shows that flies
reared in food not supplemented with all-
trans-retinal (‘‘-retinal’’) do not exhibit avoidance of blue light. (G) shows that blind norpA (no receptor potential A) mutant flies expressing
ChR2 in Gr21a+ neurons (NorpA2;Gr21a-Gal4;UAS-ChR2) do avoid light (PI = 47.1), whereas norpA2;Or83b-Gal4;UAS-ChR2 flies do not. All con-
trol genotypes (Gr21a-Gal4;+, +;UAS-ChR2, Or83b-Gal4;+) raised in retinal-containing food, whether in the presence or absence of light, yielded
PIs not statistically different from 0; some are omitted for clarity. Data represent the mean 6 SEM of four independent experiments, each com-
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